Mouse MA-10
Conversion of cholesterol to pregnenolone, the rate-limiting step in steroidogenesis, is mediated by cytochrome P450scc, and its two electron-transport intermediates, adrenodoxin (an iron/sulfur protein) and adrenodoxin reductase (a flavoprotein) (for review, see ref. 1). Tropic hormones, by way of cAMP, stimulate P450scc mRNA accumulation in primary cultures of bovine (2) and human fetal (3, 4) adrenal cells; human fetal testis cells (5) ; human (4, 6, 7) , rat (8) , and bovine (9) ovarian cells; human placental cells (4) ; and transformed JEG-3 choriocarcinoma cells (10) . P450scc mRNA accumulates in human granulosa and trophoblast cells by a cycloheximide-insensitive mechanism (7, 11) , whereas bovine adrenocortical and human JEG-3 cells are sensitive to cycloheximide (1, 2, 10) . The basis of these differences is unknown.
Pregnenolone is converted to dehydroepiandrosterone by a single protein, cytochrome P450c17 (12, 13) . Human beings (14) and cattle (15) have a single P450c17 gene, transcribed in adrenal glands and testes (16) . Tropic hormones, by way of cAMP, regulate the abundance of P450c17 mRNA in adrenal glands and testes (2) (3) (4) (5) , but human granulosa cells (6) and trophoblasts (7) and rat adrenal glands (6) lack detectable P450c17 mRNA. Primary cultures of mouse, rat, and pig testicular interstitial cells synthesize P450scc protein in response to cAMP (17) (18) (19) . In these cells, cAMP stimulates P450scc synthesis about 2-fold and testosterone synthesis about 10-fold. Similarly, cAMP increases P450scc mRNA accumulation 2.5-fold in cultured human fetal testicular cells (5) . However, primary cultures of whole testes and of interstitial cells are inherently heterogeneous, thus Leydig cell steroidogenesis may be influenced by other cells. Therefore, we studied P450scc gene expression in homogeneous mouse Leydig MA-10 tumor cells, which synthesize progesterone in response to luteinizing hormone (LH), human chorionic gonadotropin (hCG), and cAMP (20) . The completeness of the androgen synthetic pathway in these cells has been uncertain. 17a-Hydroxylase activity and cAMP-stimulated increased secretion of 17a-hydroxyprogesterone, androstenedione, and testosterone have been reported, suggesting P450c17 is present (20) . We report that the regulation of P450scc gene transcription and mRNA accumulation by tropic hormones and cAMP occurs by a cycloheximideinsensitive mechanism in MA-10 cells. HPLC analyses of steroids synthesized and secreted from these cells show they do not synthesize or secrete 17a-hydroxyprogesterone, androstenedione, or testosterone, suggesting they lack 17a-hydroxylase activity. This was proven by cloning rat ovarian P450c17 cDNA* and showing that MA-10 cells lack P450c17 mRNA detectable by RNA transfer blot analysis or by RNase protection experiments.
MATERIALS AND METHODS
MA-10 cells were cultured as described (20) . For experiments, medium containing serum was replaced with serumfree medium with or without hormones (20) . For experiments involving cycloheximide, cells were stimulated with cycloheximide (20 ug/ml) 30 min before and during cAMP stimulation.
RNA was isolated from cytoplasmic cell extracts as described (21) . mRNA abundances were determined by slot and Northern blots (22) , using human P450scc cDNA (23) , human P450c17 cDNA (16) , and rat P450c17 cDNA probes. Lowstringency hybridizations were in 20% (vol/vol), formamide/ 5 x SSC (1x SSC is 0.15 M NaCl/0.015 M sodium citrate)/5 x Denhardt's solution (0.1% bovine serum albumin/0.1% polyvinylpyrrolidone/0.1% Ficoll)/salmon sperm DNA (100 ,g/ ml)/0.1% NaDodSO4 at 37°C, and blots were washed for two 15-min periods in 0.5 x SSC/0.1% NaDodSO4 at 37°C. RNase protection experiments were performed as described (24) using our rat P450c17 cDNA clone.
Nuclear run-on experiments were performed as described (25) except that the hybridization buffer contained 20% formamide. Filters were washed for two 15-min periods at 370C in 2x SSC/0.1% NaDodSO4, in 0.5x SSC/0.1% NaDodSO4, and in 2x SSC, treated with RNase A (0.1 ,g/ml) at 370C for 15 min, and then washed in 2x SSC/0.1% NaDodSO4 at 20°C and autoradiographed. Transcription was estimated by densitometric scanning of the autoradiograms.
Abbreviations: hCG, human chorionic gonadotropin; LH, luteinizing hormone; 8-Br-cAMP, 8-bromoadenosine 3',5'-cyclic monophosphate. *The sequence reported in this paper has been deposited in the GenBank data base (accession no. M27282).
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The publication costs of this article were defrayed in part by page charge payment. This article must therefore be hereby marked "advertisement" in accordance with 18 U.S.C. §1734 solely to indicate this fact. (27) and then prehybridized in buffer (26) containing heparin (140 pug/ml), Escherichia coli DNA (50 ,ug/ml), and poly(A) (25 ,ug/ml). Slides were covered with a coverslip, hybridized in the same buffer containing 3H-labeled human P450scc RNA (100 pg/,ul) at 37°C overnight. Slides were washed for two 15-min periods at 37°C in 2x SSC and in 0.5x SSC, for 15 min in RNase buffer (10 mM Tris HCl, pH 7.9/300 mM NaCl/5 mM EDTA) at 37°C, then treated with RNase A (1.0 ,ug/ml) in RNase buffer at 37°C for 30 min, washed in 2x SSC at 20°C, rinsed quickly in 70% and 95% ethanol, and air-dried. Slides were coated with Ilford K-5 nuclear emulsion (diluted 1:1 with water), stored at 4°C, and developed in 2 weeks.
We screened a rat ovarian cDNA library in AgtlO (Clontech) using the 285-base-pair HincII-Pvu II fragment of hP450c17 cDNA encompassing the highly conserved steroid-and hemebinding domains (16, 28) , under low-stringency conditions. In one million cDNA clones, one partial rat P450c17 cDNA was obtained. This cDNA was subcloned into pBluescript (Stratagene) and analyzed by supercoil sequencing (29) .
MA (10 ,uM) , or cAMP (1 mM), they accumulated a single 2.0-kilobase P450scc mRNA (Fig. 1) . Stimulation with cAMP (3-fold) was greater than that with hCG (1.6-fold). 8-Br-cAMP stimulated progesterone synthesis 100-fold, whereas hCG and ovine LH stimulated progesterone synthesis only 20-fold (Table 1 ). This amount of hCG and ovine LH stimulation of progesterone secretion was less than that described (20, 31) . The MA-10 cells used in these studies also bound less 125I-labeled hCG than described (20) . Therefore, the lesser effect of hCG compared to cAMP was due to 4 (Fig. 4) ; similar results were obtained when 200 ,uM puromycin was substituted for cycloheximide (data not shown). P45Oc17 mRNA Analysis. MA-10 cells were generated from a mouse Leydig cell tumor that lacked 17a-hydroxylase activity (20, 33) , leading to the general opinion that MA-10 cells also lack 17a-hydroxylase activity. However, these cells have been reported to synthesize immunoassayable testosterone and androstenedione, and this androgen synthesis could be increased by incubation with cAMP or hCG (20) . We found that MA-10 cells stimulated for 8 hr with 1 mM 8-Br-cAMP secreted less than 5 pg of testosterone per 106 cells per ml of medium, a concentration at the detection limit of the immunoassay. Using radioactive precursors and HPLC analysis of steroids synthesized, a procedure that could detect as little as 0.6 pg of steroid produced from a radioactive precursor, we found that these cells did not secrete radioactive testosterone. Medium from cells incubated for 2 hr with 106 cpm of [3H]progesterone was extracted and the secreted 3H-labeled steroids were chromatographed using two solvent systems. Eight percent of the total radioactivity comigrated with testosterone and 17a-hydroxyprogesterone in one solvent system (Fig. 5A) but the radioactivity was cleanly separated from both of these 17a-hydroxylated compounds in the second system (Fig. SB) . Equivalent results were obtained when the cells were analyzed for tritiated steroids. Thus MA-10 cells synthesize neither 17a-hydroxyprogesterone nor testosterone from progesterone, with or without cAMP stimulation.
MA-10 cells cannot synthesize testosterone because they lack P450c17 mRNA. We cloned and sequenced rat P450c17 cDNA (Fig. 6 ) to analyze RNA from control and cAMPstimulated MA-10 cells. This rat P450c17 cDNA probe did not hybridize to RNA from control or cAMP-stimulated MA-10 cells in either slot or RNA transfer blots, even under low-stringency conditions that detect sequences having only 60% homology.
Using a riboprobe containing a 120-base EcoRI-BamHI rat P450c17 cDNA sequence in an RNase protection experiment, we detected P450c17 mRNA in pig, bovine, rat, and mouse testes but not in MA-10 cells (Fig. 7) . The intensity of the band corresponding to P450c17 RNA from MA-10 cells was less than 4% of that from whole mouse testis, which is only 2% Leydig cells (35 (17, 18) and to the 2.5-fold stimulation ofP450scc mRNA accumulation by tropic hormones in cultured fetal testis cells (5) and cultured human placental cells (4). However, this stimulation is less than that reported in other primary cultures of human granulosa (4, 6, 7), human fetal adrenal (3, 4) , and adult bovine adrenocortical cells (2) . These differences may be due to the tissues being studied or to differences between primary and transformed cells.
Nuclear run-on assays show that the cAMP-mediated increase in P450scc mRNA accumulation is due to increased P450scc gene transcription. This increased transcription occurs within 1 hr and is specific; transcription of actin was unaltered by cAMP stimulation. Increased P450scc mRNA accumulation in bovine adrenocortical cells is also due to Proc. Natl. Acad increased transcription of the P450scc gene (2); mRNA stability may be unaffected by cAMP treatment. The mechanism by which cAMP stimulates P450scc gene transcription is unclear. In bovine adrenocortical cells (2) and human JEG-3 choriocarcinoma cells (10) , cycloheximide inhibits the cAMP-mediated stimulation of P450scc mRNA accumulation, implying that protein synthesis is required for this stimulation. However, mRNA for the P450scc electron transport protein adrenodoxin is not inhibited by cycloheximide in JEG-3 cells (10) whereas it is in bovine adrenal cells (2) . Furthermore, cycloheximide does not inhibit the cAMPmediated induction of P450scc mRNA accumulation in human granulosa cells (7). These differences cannot be attributed to differences between primary and transformed cell cultures as both JEG-3 cells and normal trophoblasts respond similarly (11) . Steroidogenesis, therefore, may be regulated by different mechanisms in different endocrine tissues. We found that in cultured mouse Leydig cells, the cAMP stimulation ofP450scc mRNA accumulation is direct and does not require the synthesis of other proteins. Steroidogenesis in the testis and ovary may thus be regulated by similar mechanisms, whereas steroidogenesis in the adrenal and placenta may be regulated differently.
We also studied the regulation of P450c17 in MA-10 cells using a rat P450c17 cDNA. The clone we obtained extends from amino acid 274 (nucleotide 860) of the human P450c17 sequence to the poly(A) tail. In general, there is greater sequence conservation among rat, human (16) , bovine (15) , and porcine (16) 
